Introduction
The genus Sigillaria Brongniart (1822) was proposed for lycophyte stem impressions with vertically aligned, hexagonal leaf bases. Sigillaria is typically reconstructed as a sparsely branched tree with a stigmarian rooting system and pedunculate cones attached laterally to the main trunk or large branches (HIRMER 1927; TAYLOR 1981) . The plants produced distinctive monosporangiate cones. Fructifications preserved as compressions are assignable to Sigillariostrobus (ZEILLER 1884) , while permineralized specimens are placed in the genus Mazocarpon (BENSON 1918) . Both taxa represent narrow cones ca. 15 cm long with either whorled or helically arranged sporophylls. Although these genera are both regarded as fructifications of the Sigillariaceae, Sigillariostrobus and Mazocarpon remain taxonomically separate because they are delimited by different features (SCHOPF 1941) .
The genus Mazocarpon represents micro-or megasporangiate pedunculate cones with whorled or helically arranged sporophylls and an exarch (often medullated) protostele. In all species, megasporangiate cones are further characterized by sporangia containing a small number (8-12) of megaspores embedded in a massive pad of sterile tissue (="intrasporangial tissue" of SCHOPF [1941] ). Mazocarpon was first recorded by SCOTT (1908), who published a photograph of a sporophyll with its sporangium from Upper Carboniferous coal ball Manuscript received August 1982; revised manuscript received April 1983. (a micro-and a megasporangial unit) from Lower Carboniferous sediments of Pettycur, Scotland, which resembled the Upper Carboniferous Mazocarpon mentioned by SCOTT (1908) . The Pettycur specimens were provisionally designated Lepidostrobus mazocarpon because of similarities to Mazocarpon as figured by SCOTT (1908) and their association at the Pettycur locality with a lepidodendralean stem (BENSON 1908) . BENSON (1918) validated the name Mazocarpon and described three species: M. shorense and M. cashii from Upper Carboniferous (Westphalian A) sediments of England and M. pettycurense from the Lower Carboniferous of Scotland. Since BEN-SON'S description, M. pettycurense has been reported once more (LONG 1968 ) from the type locality, and M. shorense was described from a locality in Holland (KOOPMANS 1928) . A fourth species, M. oedipternum, was named by SCHOPF (1941) from Upper Pennsylvanian sediments of the Illinois Basin. SCHOPF (1941) described both mega-and microsporangiate cones for which he recognized the minor taxonomic distinctions forma megalophorum and microphorum, respectively. He also determined that isolated megaspores and one sporangial fragment originally identified as Mazocarpon cf. M. shorense (GRAHAM 1935 ) actually represented M. oedipternum (SCHOPF 1941) . Mazocarpon shorense, reported from Richland County, Illinois, by FISCHER and Not (1939) , may also be assignable to M. oedipternum.
Recent collections of Late Pennsylvanian coal balls from the Appalachian Basin have yielded a number of mega-and microsporangiate cones of Mazocarpon, as well as vegetative stems, leaves, and cortex of Sigillaria. The megasporangiate cones are structurally distinct from all previously de-600 PIGG-UPPER PENNSYLVANIAN MAZOCARPON 601 scribed species of Mazocarpon and comprise two new species. The first species, M. villosum sp. nov., is described from fragments of senescent cones lacking spores, from cone peduncles, and from one specimen sectioned near the cone apex which contains relatively small megaspores. The specific epithet villosum ( = Lat. villosum, hairy) refers to the hair-covered, convoluted surface of the sporophyll laminae. The second species, M. bensonii sp. nov., is recognized from pedunculate cones with sporangia characterized by massive sterile tissue and up to eight megaspores. In addition, sporangial fragments and isolated megaspores are found throughout the coal ball matrix and conform to M. bensonii in all known features. The specific epithet, benson ii, is proposed in honor of MARGARET J. BENSON, who instituted the genus Mazocarpon.
Material and occurrence
Specimens were preserved by calcareous cellular permineralization in coal balls from an Upper Pennsylvanian locality near Steubenville, Ohio (ROTHWELL 1976) . Serial sections were prepared for microscopic examination by the cellulose acetate peel method (Joy, WILLIS, and LACEY 1956) and then mounted on microscope slides. Additional information about the organization of sporangia was obtained by macerating isolated sporangial fragments with dilute (2%) hydrochloric acid and periodically observing the exposed features. Material was viewed with both bright-field and Nomarski (DIC) differential contrast optics. Slides are housed in the Paleobotanical Herbarium, Ohio University, and bear acquisition nos. 3280-3281, 3792-3814, and 4550-4940. Terminology used to describe sporophyll morphology has not been consistently applied. In this paper the term "pedicel" refers to the portion of the sporophyll that is attached to the cone axis and extends from it. Flaps of tissue on either side of the pedicel are called lateral laminae ("wings") , and the ridge of tissue along the abaxial surface of the pedicel is the keel. The distal portion of the sporophyll consists of an upturned lamina and an abaxial heel. DIAGNOSIS.-Elliptical megasporangiate lycophyte cones, 20-22 mm in maximum diameter tapering to 10 mm in diameter proximally (including sporophylls), 15-20 cm long, bearing helically arranged, slipper-shaped sporophylls. Cone subtended by peduncle bearing small, distantly spaced leaves with triangular outline in cross section. Cone axis 4 mm in diameter, consisting of exarch medullated protostele 1. 1-1.5 mm in diameter with wavy margin, surrounded by inner cortical zone 0.5 mm thick and sclerenchymatous outer cortex 0.6-1.0 mm thick. Sporophylls attached at right angles to cone axis; elliptical at point of attachment. Sporophyll pedicels 8 mm long with sporangium borne adaxially along distal third of pedicel; ligule pit distal to sporangium. Short (1 mm long) lateral laminae flanking base of sporangium on either side, at acute (65?-70?) angle. Distally sporophylls with broad abaxial heel 2.5 mm long and upturned lamina up to 15 mm long. Surface of lamina and heel highly convoluted and densely covered with multiand uniseriate hairs. Multiseriate hairs uLm in diameter; up fig. 9 showing the lateral laminae extending around the base of sporangium and vascular trace (at arrow). 1387 N~a, sidea, no. 162; X 12. PEDUNCLES.-Peduncles are up to 3.8 mm in diameter and consist of an exarch medullated protostele surrounded by a region of parenchymatous inner cortex and a sclerenchymatous outer cortex (figs. 3, 8) . The stele is up to 1.3 mm in diameter and comparable in size to that in the cone. In cross section, the margin of the stele is fluted like that of Sigillaria (e.g., CHALONER 1967) with leaf traces in the bays between adjacent protoxylem points ( fig. 8 ). Protoxylem elements exhibit annular and helical secondary wall thickenings, while metaxylem tracheids have scalariform-reticulate wall thickening patterns.
The stele is surrounded by a region 90-120 Fm thick of thin-walled cells. Although this region is usually termed an inner cortex (e.g., SCHOPF 1941), the tissue is frequently crushed or lacking ( fig. 8 ), making it difficult to determine whether it represents phloem and/or cortical parenchyma. A broad zone of phloem has been described in comparable areas of another Carboniferous lycophyte (PIGG and ROTHWELL 1983a) . Sieve areas are not found in the present material.
An outer cortex 0.4 mm thick of homogeneous sclerenchyma ( = "sclerotic shell" of SCHOPF [1941] ) is well preserved. Traces occur sparsely in this region, with each accompanied by a parichnos strand ( fig. 3 , at arrow). In most specimens the outer cortex expands into distantly spaced leaf bases, but some axes have a completely smooth outer margin. The latter are not found in attachment to cones and are interpreted as representing more proximal regions of the peduncle. On one well-preserved peduncle several sterile leaves are found in attachment to leaf bases ( fig. 3 ). Leaves are 0.8 mm wide at their point of attachment and are triangular in cross section. Each leaf is composed of homogeneous parenchyma and vascularized by a small elliptical trace. Along the peduncle and in the basal region of the cone, a narrow zone of tissue thought to represent differentiating secondary cortex is present external to the primary cortex ( fig. 8 , at arrow).
Peduncles of M. villosum are comparable in size to those of M. shorense and M. oedipternum and possess the same cortical histology (BENSON 1918; SCHOPF 1941) . However, M. villosum lacks the large rounded leaf bases characteristic of M. oedipternum (SCHOPF 1941) and has a much larger stele. Mazocarpon oedipternum and M. villosum may also differ in the distribution of leaves along the peduncle. In M. oedipternum, leaves are apparently crowded near the base of the peduncle and become more widely spaced toward the cone (SCHOPF 1941) . In contrast, leaves of M. villosum are widely spaced near the base of the peduncle.
CONES.-The largest cone fragment is 22 mm wide and 6 cm long, with an axis 4 mm in diameter ( fig. 1 ). The stele measures 1.5 mm in diameter. Since this specimen represents the central region of the cone with little taper on either end, the entire cone was clearly much longer. The other fragments, including the specimen with an attached peduncle, are only ca. 10 mm in diameter ( fig. 2 ). Variation in size reflects position in the cone. Since fragments found in attachment to peduncles ( fig.  2 ) and those from the apical region ( fig. 4 ) are narrower than the specimen from the central region ( fig. 1 ), the cone is elliptical rather than cylindrical.
Sporophylls are helically arranged on the cone axis ( fig. 1 ). As in M. oedipternum, sporophyll traces diverge from the axis at an angle of ca. 8?-10? and enter the fourth level of sporophylls distal to their point of divergence. When present, inner cortex resembles that of the peduncle ( fig. 6 ). The outer cortex is relatively thick, as in M. shorense, and expands at intervals into narrow sporophyll bases (figs. 2, 6). In contrast, the sclerotic shell of M. oedipternum cones is much narrower (table 1) .
SPOROPHYLLS.-Sporophylls of M. villosum exhibit distinctive features that clearly separate them from all previously described species of Mazocarpon ( fig. 1, table 1 ). An individual sporophyll is slipper shaped with a long, downward-sloping pedicel, broad abaxial heel, and prominent upturned lamina (figs. 1, 9, 10). The pedicel of each sporophyll is attached at right angles to the cone axis and bends downward, at an angle of ca. 250 from the horizontal, to overlap the node below ( fig. 1) .
At the point of attachment to the cone axis, the sporophyll is elliptical in cross section ( fig. 6 ). More distally it is characterized by a small keel and short, tapering lateral laminae which extend at an angle of 65?-70? and surround the base of the sporangium (figs. 5, 9, 10). However, near the apex of the cone, lateral laminae of individual sporophylls do not extend around a sporangium (figs. 4, 7). Sporangia are narrowly attached (0.4 mm) along the adaxial surface of the sporophyll for the distal third of the pedicel (figs. 1, 5, 9, 10). Immediately distal to the sporangium, a small cleft or depression occurs in the adaxial surface of the sporophyll. This represents a ligule pit ( fig. 11) . No well-preserved ligules have been found. Distally, the sporophyll broadens and thickens, forming an abaxial heel equivalent to the bulbous "dorsal heel" of SCHOPF'S M. oedipternum ( fig. 10 ). The upturned lamina of the sporophyll is up to 15 mm long and overlaps five to eight sporophylls, forming a tightly compact cone (figs. 1, 4).
A single vascular trace enters each sporophyll and may divide in the region of sporangial attachment ( fig. 5 ). It then curves downward abruptly into the abaxial heel and turns upward into the lamina (figs. 10, 11), forming a "dorsal loop" iden- The abaxial heel and proximal portions of the lamina are highly convoluted and densely covered with uni-and multiseriate hairs (figs. 9,12). Because of the extensive lobing of the lamina, sporophylls exhibit complex, irregular shapes in section view (figs. 1, 9, 10). Similar, but much simpler, lobing occurs in sporophylls of Flemingites (Lepidostrobus) schopfii (BRACK 1970; BRACK-HANES and THOMAS 1983) . Lobing decreases along the upturned lamina until, near the tip, the margin is smooth ( fig. 4) . Distinctive paracytic stomata with conspicuous subsidiary cells occur along the lobed margins of the lamina, and their long axes are oriented parallel to the longitudinal axis of the lamina (figs. 12, 14). Stomata are ca. 20 ptm in diameter and round to oval with two small guard cells 8-11 Am long. Subsidiary cells are 16-20 Am long.
SPORANGIA AND SPORES.-Although most specimens represent fragments of senescent cones from which spores have been shed, one specimen contains a region of intact sporangia near the apex of the cone filled with relatively small spores and sterile tissue (figs. 4, 7, 13). In cross section sporangia are subtriangular in outline and broadest at the base (figs. 4, 7). Because intact sporangia are immature, it is not possible to determine whether mature specimens would exhibit the lateral projections or "keels" characteristic of sporangia of other species of Mazocarpon (BENSON 1918; SCHOPF 1941) .
The sporangial wall is sometimes folded, forming an apical cleft, but this may be due to crowding near the apex and crushing of the cone. Sporangia of M. villosum are much smaller than those of M. shorense and M. oedipternum (BENSON 1918; SCHOPF 1941 ), but differences in size probably reflect developmental rather than specific variation.
The sporangial wall is several cells thick. The epidermis is composed of columnar cells (figs. 5, 7). Because of variation in cell height, the epidermis is slightly fluted, but no well-defined line of dehiscence has been observed. Beneath the epidermis is a zone of thin-walled cells ( fig. 7) . This tissue extends upward into the center of the sporangium where it merges with a region of cells with thick, dark walls ( fig. 7) . In broken sporangial fragments thin-walled, sterile tissue forms a small pad at the base of the sporangium ( fig. 5 ) and also adheres to epidermal cells ( fig. 11 , at top), while tissue in the center forms a dark amorphous mass ( fig. 5 ).
Intact sporangia are filled with numerous, relatively small spores. The trilete spores are 42-64 Am in diameter, spherical, and frequently found in tetrads ( fig. 13 ). The exine is smooth except for occasional tiny granules. Because of their size, lack of distinctive ornamentation, and resemblance to previously described immature lycophyte megaspores, the spores are interpreted as immature or abortive megaspores. The sporoderm is up to 0.8 pAm thick and homogeneous, like that of other immature fossilized lycophyte megaspores (PIGG and ROTHWELL 1983 b) . Somewhat larger spores 72-90 pAm in diameter exhibiting identical features are frequently found adhering to fragments of sporangial walls and in the matrix surrounding senescent cones. These may represent more mature megaspores of M. villosum.
Small amber-colored droplets occur throughout the cones and are round or oval and 5-14 Am in diameter but exhibit no other distinctive features at the level of light microscopy. Similar structures have been observed by other authors in several permineralized species of Lepidostrobus (FELIX 1954; BALBACH 1967 ), Flemingites (BRACK 1970 BRACK-HANES and THOMAS 1983) , and Lepidocarpon (BALBACH 1962). Sporophylls attached to cone axis at right angles; triangular in outline at point of attachment. Sporophyll pedicels 4 mm long, with adaxially borne sporangium and narrow keel. Lateral laminae extending at right angles for 2.5 mm on either side of sporangium. Distally, upturned lamina up to 5 mm long, and lobed abaxial heel 2.5 mm long. Lamina and abaxial heel glabrous, with paracytic stomata longitudinally oriented along surface. Sporangia subtriangular in outline, 3 mm long, 1.5 mm high, and up to 4 mm wide at base and 2 mm wide near top; lateral keels present on either side; sporangia containing up to eight megaspores fig. 18 ). The longest peduncle available for study is 4 cm. Individual peduncles are characterized by an exarch protostele surrounded by a region of inner cortex and a narrow outer cortex. Closely spaced leaves with conspicuous laminae are broadly attached to the axis (figs. 18, 20). The stele is up to 0.3 mm in diameter, typically round in cross section, and it may or may not be medullated ( fig. 18 ). The pith is composed of parenchymatous tissue interspersed with isolated tracheids as in M. oedipternum (SCHOPF 1941) . Protoxylem tracheids have helical secondary thickenings, while metaxylem elements exhibit helical and scalariform secondary thickenings.
Small protoxylem points at the periphery of the metaxylem alternate in position with diverging leaf traces ( fig. 18 ). At the margin of the xylem is a region of inner cortex composed of thin-walled cells. The axis is typically crushed and irregularly shaped, making it difficult to determine the original thickness of the cortical zones ( fig. 18) . In contrast to the relatively thick outer cortex in peduncles of previously described species of Mazocarpon, that of M. bensonii is represented by a narrow zone of sclerenchyma only 45-88 Fm thick ( fig. 18, table  1 ). Individual cells are crushed and somewhat degraded.
Leaf traces are initially terete. They expand tangentially in the inner cortex, entering the leaf as a single C-shaped vascular strand. In contrast to the small leaves found on peduncles of other species of Mazocarpon, those of M. bensonii have a broad lamina that is upturned distally and exhibit a twozoned mesophyll ( fig. 20) . The inner parenchymatous zone surrounds the vascular trace and its subtending transfusion tracheids and forms a small adaxial pad of tissue in the position of a sporangium ( fig. 20) . Toward the leaf margin, cells are larger and have thicker, better-preserved walls ( fig. 20) .
CONES.-Cones are ca. 10 mm in diameter with an axis 2.5 mm in diameter and a stele 0.3 mm across (figs. 16, 17) . Although the stele is as large as that of M. oedipternum (SCHOPF 1941) , the cone axis is markedly smaller than those of all other species (table 1). Stelar and cortical features are identical in the cones and peduncles. In one wellpreserved specimen, the outer cortex is two-zoned, with an inner region of parenchyma and a narrow sclerenchymatous outer zone ( fig. 16 ). Sporophylls are helically arranged around the cone axis. Resinous droplets like those described in M. villosum also occur throughout these cones.
SPOROPHYLLS.-Sporophylls resemble sterile leaves in morphological and anatomical features. The pedicel of each sporophyll is inserted at right angles to the cone axis and is ca. 4 mm long ( fig.  22 ). At the point of attachment to the axis, the sporophyll is subtriangular in cross section ( fig. 2 1) . More distally, it is characterized by a narrow keel and prominent lateral laminae which extend at right angles on either side of the pedicel ( fig. 19) . Distally, the sporophyll extends basally into a narrow lobed abaxial heel and an upturned lamina 5 mm long ( fig. 22) . The sporangium lies in the lacuna between pedicel and lamina and is narrowly attached to the adaxial surface of the sporophyll ( fig. 19) .
A vascular trace surrounded by transfusion tissue extends laterally through the pedicel but does not form a dorsal loop ( fig. 22) . A parichnos strand accompanies the vascular trace a short distance into the leaf, diminishes in size, and is absent distally ( figs. 19, 21) . The upturned lamina and abaxial heel are lobed but lack both the uni-and multiseriate hairs characteristic of M. villosum ( fig. 2 2) SPORANGIA AND SPORES.-Sporangia are up to 3 mm long and 1.5 mm high and subtriangular in outline; they are ca. 2 mm wide near the top and 4 mm at the base where the lateral keels occur on either side of the sporangium. As in M. villosum, the sporangial wall of M. bensonii is composed of an epidermis of columnar cells lined with homogeneous parenchyma ( figs. 16, 19) . Some well-preserved specimens are almost completely filled with sterile tissue (fig. 15) , while in others parenchyma is preserved only along the inner margin of the sporangium ( figs. 16, 19) . Sterile tissue located in the center of the sporangium is differentially degraded but is not delimited into two zones as in M. villosum ( fig. 19 ).
Up to eight large megaspores assignable to Laevigatosporites (= Triletes reinscheii of SCHOPF [1938] ; POTONIt and KREMP 1955) are contained in sporangia of M. bensonii ( fig. 16 ). Megaspores are 1. 2-2.5 mm in diameter and are typically crushed and distorted (figs. 16, 25) . Sporoderm is ca. 18-34 Vim thick. Megaspores of M. bensonii, like those of M. oedipternum, are smooth walled, except for the remnants of sterile tissue that frequently adhere to the exine (= "tapetal ramentum" of SCHOPF [1941] ).
ISOLATED SPORANGIAL FRAGMENTS.-Isolated sporangial fragments consist of an epidermis of columnar cells investing a massive parenchymatous pad and one to two large, flattened megaspores ( fig.  23 ). The fragments of sporangia are irregular in size and shape, as would be expected if sporangia broke along structural planes of weakness rather than along a predetermined line of dehiscence. Specimens cut in cross section are triangular in outline with prominent lateral keels on either side and are completely enclosed by an epidermis of columnar cells ( fig. 23 ). Fragments are up to 5 mm wide at the base, 2 mm wide near the top, and 1.5 mm high. They are similar to those found in association with megasporangiate cones of M. oedipternum (SCHOPF 1941) .
MEGAGAMETOPHYTES.-Megagametophytes are frequently found in the megaspores and either are represented by prothallial tissue distributed throughout the megaspore ( fig. 24) or are restricted to a small area beneath the trilete suture (figs. 23, 25, 26) . Although the fragmentary nature of the gametophytes precludes extensive comparison with those of other fossil and extant lycophytes, several distinctive structures may be noted. Individual rhizoids from 9 to 14 ,um in diameter and up to 19 Vim long occur in tufts beneath the trilete ( fig. 26) . A mature archegonium 65 Vm long and 39 Vm wide with three layers of neck cells is present in one gametophyte (figs. 25, 29) . Individual neck cells are 13 Vim in diameter and are supported by a basal ovoid chamber or venter. This archegonium is similar in size and form to those of several Carboniferous lycophytes (BRACK 1970; GALTIER 1970; PIGG and ROTHWELL 1983b) but is much smaller than the single large archegonium of M. oedipternum described by SCHOPF (1941) . A second structure consisting of three tiers, with one cell per tier ( fig.  30) , may represent an immature stage of archegonial development. This structure is 39 Vim long and 51 Vim wide with a large basal cell 29 Am in diameter which supports the other two cells.
Frequently, a small projection of tissue extends from a depression in the surface of the gametophyte (figs. 26, 27) . Prothallial projections are asymmetrical, up to 52 Vim in diameter, and consist of two to four tiers of cells, with four cells per tier. SCHOPF (1941) described similar structures in the gametophytes of M. oedipternum and suggested that they might represent young globular embryos (cf. plate 3, figs. 1, 2 of SCHOPF [1941] with fig.  27 ). He stressed that they were completely free of any attachment to the wall of the cavity. However, it seems unlikely that similar structures in M. bensonii represent embryos since the "cavity" does not represent a venter. Rather, it is only a depression in the surface of the gametophyte (figs. 26, 27). Furthermore, projections are continuous with the remainder of the gametophyte and are histologically indistinguishable ( fig. 27) . A second interpretation of the prothallial projections in M. bensonii gametophytes is that they represent protruding neck cells of an archegonium. They are very similar in appearance to archegonia of Isoetes andicola var. gemmifera, which have large neck cells that surround a very narrow neck canal (cf. figs. 27, 28, 31; KARRFALT, personal communication) . Such a narrow neck canal, if present, could easily be occluded by slight crushing. However, successively distal sections through these structures reveal no venter.
Discussion
Differences in size, anatomy, sporophyll morphology, spores, and the presence or absence of trichomes establish Mazocarpon villosum sp. nov. and M. bensonii sp. nov. as taxonomically distinct species of the genus. Mazocarpon villosum is comparable in size to M. shorense (BENSON 1918) , M. oedipternum (SCHOPF 1941) , and several species of Sigillariostrobus (ZEILLER 1884) , but the stele is larger and has a characteristic undulating margin like those in vegetative stems of Sigillaria. In this regard, M. villosum differs from most compact lycophyte cones which exhibit small, round steles. The occurrence of differentiating secondary cortical tissues ( fig. 8 ), seldom observed in lycophyte cones and never previously reported for Mazocarpon, further emphasizes the robust nature of M. villosum.
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In contrast to sporophylls of other species of Mazocarpon in which lateral laminae extend at right angles to the pedicel, those of M. villosum extend at an acute angle to surround the base of the sporangium (figs. 5, 32). In addition, the upturned lamina is quite long, and laminar surfaces are highly lobed and covered with numerous uni-and multiseriate hairs. Paracytic stomata with large subsidiary cells are oriented with their long axes parallel to the longitudinal axis of the lamina. Stomata have not been previously described in Mazocarpon. The massive sterile tissue characteristic of the genus is present in sporangia but is histologically distinct. The second new species, M. bensonii, is smaller than most other species. While peduncles of Mazocarpon typically have a thick outer cortex and bear few leaves, those of M. bensonii are covered with numerous long leaves which extend from an axis with a narrow outer cortex. Sterile and fertile leaves of M. bensonii intergrade morphologically (like those of some extant species of Lycopodium, e.g., L. obscurum), possibly reflecting a less specialized condition than the much smaller and simpler peduncular leaves characteristic of other species. Sporophylls of M. bensonii exhibit unusually long lateral laminae (figs. 19, 33) and a distinctive two-zoned mesophyll. The spores of M. bensonii are smooth-walled (= Laevigatosporites) like those of the contemporaneous (Late Pennsylvanian) M. oedipternum. In contrast, M. shorense, M. pettycurense, and M. cashii produce spiny megaspores assignable to Tuberculatisporites mamillarius (BENSON 1918; CHALONER 1953; LONG 1968) .
Mazocarpon villosum and M. bensonii are also taxonomically distinct from the contemporaneous M. oedipternum, which exhibits sporophylls with a short (5 mm) lamina and a distinctive bulbous abaxial heel (SCHOPF 1941) . The bulbous heels of M. oedipternum, together with the perpendicular attachment of sporophylls, serve to increase the distance between adjacent sporophylls, resulting in a less compact cone than M. shorense, M. villosum, and possibly M. bensonii, which have less pronounced heels and longer, overlapping laminae.
REPRODUCTIVE BIOLOGY
Among the Carboniferous lycophytes, there is a wide variety in cone organization and megasporophyll structure. PHILLIPS (1979) reviewed the reproductive biology of Carboniferous lycophytes and designated four types of megasporangiate dispersal structures within this group. Of these, the simplest is the Lepidostrobus type, represented by free-sporing bisporangiate cones such as Flemingites (Lepidostrobus) schopfii (BRACK 1970; BRACK-HANES and THOMAS 1983) and the fertile region of Chaloneria cormosa (PIGG and ROTHWELL 1983a) . In these taxa, megasporangia are relatively unspecialized and contain many megaspores. An individual megaspore represents the dispersal unit. More specialized cones of arborescent lycopods are characterized by only one functional megaspore per sporangium ( = extreme heterospory) and modifications of either the sporangial wall (e.g., Achlymadocarpon) or the sporophyll lamina (Lepidocarpon). In these plants an entire sporophyll bearing its sporangium is shed. Mazocarpon cones contain a small number of megaspores (8-12) embedded in a massive pad of sterile tissue and exhibit a fourth type of dispersal unit consisting of a single megaspore associated with a portion of sporangial wall and sterile tissue. (BENSON 1918; LONG 1968) . Apparently, in these species the entire cone broke up readily, and sporangia attached to sporophylls were dispersed as units morphologically equivalent to the individual sporophyll units shed by lepidocarp-producing lycopods (e.g., Lepidocarpon, Achlymadocarpon, PHILLIPS [1979] ; Caudatocorpus, BRACK-HANES [1981] ). In contrast, in M. oedipternum and M. bensonii, both intact cones containing mature megaspores and isolated fragments of sporangia are found. In these species, sporophylls are retained in the cone to maturity, as is evidenced by the mature megagametophytes within cones. Spores enmeshed in sporangial tissue were apparently dispersed from intact cones when portions of the sporangial wall and sterile tissue were torn away. Whether this was a result of spore growth or some form of mechanical action is not known. Finally, in M. villosum, mature, intact cones consistently lack spores and distal portions of the sporangia. This suggests that spores developed rapidly and were quickly shed, either enmeshed in fragments of sporangial tissue or individually, as in free-sporing lycophytes (PHILLIPS 1979) . Whether M. villosum represents a highly specialized or simpler, free-sporing lycophyte cannot be determined with available evidence.
In M. villosum, the presence of numerous immature megaspores, many still in tetrads, in the apical cone region (figs. 4,7) suggests that sigillarian cones may have initially produced a large number of megaspores. Since all currently known sigillarian cones containing mature spores exhibit only 8-12 megaspores, one might assume that a high rate of abortion occurred, leaving only a few maturing megaspores. The presence of small, possibly abortive, spores in a sporangium of M. shorense (BENSON 1918) further supports this interpretation. It is equally plausible that spore number varied among the Sigillariaceae, as it does in the extant Selaginellales, with cones of M. villosum containing a relatively large number of megaspores. The smaller number of mature spores in other species of Mazocarpon may represent a more specialized type of heterospory, having resulted either from the maturation of only a few of many immature spores or from a small number of sporogeneous initials.
Features of sporophyll development are also illustrated in the apical cone fragment of M. villosum. Sporophylls nearest the apex have increasingly less pronounced lateral laminae than those from more proximal regions (cf. figs. 4, 5). Similar morphological variation is reported in the cone of Lepidocarpon (BALBACH 1962; RAMANUJAM and STEWART 1969) . If arborescent lycophytes exhibited determinate growth, as suggested by EGGERT (1961) , sporophylls near the apex may frequently fail to develop fully and thus retain features of earlier ontogenetic stages, while more proximal sporophylls reach later stages in development.
The discovery of M. villosum and M. bensonii in Upper Pennsylvanian sediments of North America allows us to recognize both greater structural diversity and a much broader range of reproductive mechanisms among the Sigillariaceae. In contrast to lepidodendrids thought to be dependent on specialized water-or wind-dispersal mechanisms which failed to survive the changing climate of the Middle-Late Pennsylvanian (e.g., Lepidocarpon, Achlymadocarpon, PHILLIPS [1979] ; THOMAS [1981] ; Bothrodendrostrobus, STUBBLEFIELD and ROTHWELL [1981] ), Sigillaria persisted successfully through the Westphalian-Stephanian boundary and well into the Late Paleozoic (PHILLIPS 1979) . The combination of highly specialized and relatively unspecialized reproductive mechanisms now recognized in this group may have been an important factor in allowing the Sigillariaceae to adapt more successfully to the changing environment of that time. Since its recognition, Sigillaria has been regarded as structurally distinct from other arborescent lycophytes in such vegetative features as stelar and cortical anatomy, leaf bases, attachment of cones, branching, and type of stigmarian rooting system (EGGERT 1972) . The structural and functional variation now evident among species of Mazocarpon indicates that Sigillaria may represent a diverse group of plants distinct from other arborescent lycopods throughout the Carboniferous.
